Application of chemical transport model CMAQ to policy decisions regarding PM2.5 in 1 the UK 2 3 C.
2 local correction is applied to account for sources within grid squares not treated explicitly within 50 the model. There are other, wider subjective judgments to be made when deciding which 51 model to use, such as whether to employ the same team to do assessments as performed the 52 evaluation studies. The possibility of mistakes being made may then be reduced. However with 53 complex models such considerations cannot be rigorously applied. 54 55
Other recent studies have addressed issues relating to the contribution from various source 56 sectors to PM2.5. Yim and Barrett (2012) suggest that about 1/6 of the PM2.5 concentration is 57 attributable to industrial sources for the year 2005 based on similar CMAQ modelling and 58 suggest that 40% of the PM2.5 originates from outside the UK. The authors did not extend their 59
calculations to a future year, nor can one be sure that the modelling was done in exactly the 60 same way as in this paper. The SNIFFER (2010) report references a study by Derwent et al. 61 (2009) who examined the modelled concentrations resulting from a 30% reduction in emissions 62 of SO2, NOx, NH3, VOC and CO. It was concluded that PM2.5 concentrations in rural southern 63 UK are likely to be influenced strongly by reductions in SO2, NOx and NH3 emissions in a 64 complex and interlinked manner. The largest reduction in PM2.5 was derived from a reduction in 65 NH3 but such a large decrease is unlikely to occur 2 . 66 67
The present study examines realistic changes in national emissions between 2006 and 2020 68 and is therefore directly relevant to policy. The SNIFFER report (2010) suggests that local 69 sources tend to contribute less than half of the total predicted PM2.5 concentration, and often 70 less than 10%, even at roadside receptors. Urban sources give rise to an annual average 71 urban background enhancement of around 3 to 6 μg m -3 and secondary PM2.5 contributes 72 around 4 to 6 μg m -3 . SNIFFER recommended that modelling studies are carried out to 73 establish the contributions of UK and other EU emissions of precursor gases to annual mean 74 PM2.5 concentrations, and to determine how these contributions will respond to changes in 75 emissions, in order to guide the development of the most cost-effective control programme. 76
This study is a step to fulfilling this need. The SNIFFER report discusses the 'average 77 exposure indicator', which requires reductions in the annual average PM2.5 concentration of 78 about 1.5 to 2 μg m -3 between 2010 and 2020 3 . 79 80 AQEG (2012) determines the appropriate equivalent PM2.5 limit value in the following way. The 81 24-hour limit value for PM10 of no more than 35 days >50 μg m -3 is taken to be equivalent to an 82 annual mean PM10 concentration of 31.5 μg m -3 . The PM2.5/PM10 ratio shown in AQEG (2012) 83 is about 0.7 at urban background sites. Given the ratios of PM2.5 to PM10 identified for different 84 2 The parties to the UNECE Air Pollution Convention agreed on 4 May 2012 to a new emission reduction commitment for the main air pollutants in Europe (revision of the Gothenburg Protocol). The revised Protocol requires an overall emissions reduction in the EU of 59% for SO2, 42% for NOx, 6% for NH3 and 28% for NMVOC between 2005 and 2020, and for the first time a limit on primary PM2.5 emissions involving a reduction of 22% between 2005 and 2020. For the UK the reductions are 59% for SO2, 55% for NOx, 8% for NH3, 32% for NMVOC and 30% for PM2.5. The reductions in emissions from the large stationary sources which the Environment Agency regulate are approximately similar fractions, and are broadly based on the assumption that all processes will operate with new technology. The revision of the Gothenburg Protocol is implemented in practice by regulations on sources, through the Integrated Pollution Prevention and Control Directive undergoing replacement by the Industrial Emissions Directive (OJEU, 2010) and Euro standards on motor vehicles. Other Directives, such as the Large Combustion Plant Directive (OJEU, 2001), require emissions standards consistent with the revised Protocol. These are expected to be achieved through the gradual introduction of new technology standards, unless there is an unexpected increase in emissions from small unregulated sources, through wood burning, or a failure in the application of new technology on road vehicles. 3 parts of the UK, the indicative PM10 annual mean limit value can be equated to an annual 85 mean PM2.5 value which ranges from 17 μg m -3 in Scotland to 24 μg m -3 in south east England 86 and about 20 μg m -3 in the rest of the country (AQEG, 2012). This paper does not consider 87 other particle metrics, such as the concentration of black carbon particles. 
particulate species source terms are better known. 4 The evaluations undertaken in previous 232 studies of CMAQ (see Table 2 Rather than set an uncertainty bound on predictions it was assumed that the CMAQ model 241
under-predicts at regional background sites, because the contribution from local sources, 242 within the 6km long grid squares containing monitoring sites, is not included. It was assumed 243 that the regional estimate was approximately a 20% under-prediction of the regional 244 concentration, based on previous regional model evaluations, and therefore a margin of safety 245 of 20% was assumed, in order to be confident that total concentrations met the indicative limit The observed annual average PM2.5 concentration consists of contributions from a mixture of 275 primary and secondary sources over very short and very long travel distances from their point 276 of emission. In order to further understanding, the contribution from major stationary sources 277 was estimated by rerunning the full model but excluding all emissions from all major industrial 278 sources regulated in the UK. This then gives the regional footprint of the PM2.5, over distances 279 exceeding 6km, arising from major industrial sources regulated in the UK. Chemical transport models are designed to inform on the possible non-linear relationship 336 between the change in emissions and the resulting change in concentration of PM2.5. One 337 could imagine that if the atmosphere became relatively more reactive, secondary PM2.5 could 338 be formed more quickly near to locations where it was emitted. Lifetimes can be estimated 339 from the footprints of a specified source at a single location (Fisher et al., 2011 ). This is not 340 possible here because the major industrial sources are distributed around the country. 341
However the change in the primary emissions of major industrial sources is roughly in 342
proportion to the change in the PM2. The CMAQ estimate of the population weighted PM2.5 concentration reduction does not include 391 the roadside contribution to PM2.5 concentrations. This is likely to be a small fraction of the 392 population exposure as the concentrations decline rapidly with distance from the road. 393
However it is valuable to know the possible local contributions from sources within a grid 394 square to check whether the indicative annual average limit value of 20 μg m -3 is likely to be 395 exceeded at specific locations in major urban areas, such as London. 396 397
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We have estimated the local concentration of primary PM2.5 near to roads using the GRAM 398 model (Fisher and Sokhi, 2000) . This requires future road vehicle emission factors 5 (see table  399 2). The 
